Abstract-In this paper, utilizing the relay buffers, we propose an opportunistic decode-wait-and-forward relay scheme for a point-to-point communication system with a half-duplexing mobile relay network. The proposed scheme achieves the maximum throughput of 8(log K) at a cost of 0(1) total transmission power and O(Kjq) average end-to-end packet delay, where o < q ::;~measures the speed of relays' mobility. It can be proved that this system throughput is unattainable for the existing designs with low relay mobility. Therefore, the proposed relay scheme can exploit the time diversity and relays' mobility more efficiently.
I. INTRODUCTION Most of the existing works on relay protocol designs have ignored and failed to exploit the buffer dynamics in the relay. As such, how could the throughput of relay networks benefit from the mobility of relays is still not clearly known and we shall try to shed some lights on this aspect in this paper. Specifically, utilizing buffers in the relays, an opportunistic decode-wait-and-forward (ODWF) relay scheme is proposed to exploit the mobility of relays so as to improve the system end-to-end throughput via mobile relay networks. Moreover, the asymptotic tradeoff of the end-to-end packet delay versus the end-to-end throughput of the ODWF scheme is analyzed to obtain the design insights.
A. Related Work
Recent research on relay channels mainly focuses on two topologies, namely ad hoc networks and relay-assisted pointto-point communications. In wireless ad hoc networks, any pair of nodes are allowed to communicate; in relay-assisted point-to-point communications, there exists only one pair of source and destination while other nodes serve as relay stations. The scaling law of the wireless ad hoc network capacity is first studied by Gupta and Kumar in [1] . Specifically, it is shown that each node can achieve the throughput of the order O( VKkx) 1 when K fixed nodes are randomly distributed over a u~it area. The same throughput bound is also obtained in [2] - [4] by other approaches. Later, in [5] the throughput of the order O( JK) is shown to be achievable, and in [6] 
f(K) == O(g(K)) and g(K) == O(f(K)).
throughput order is enhanced to O(~). These results imply K'J that the throughput of each node converges to zero when the number of nodes increases. Nevertheless, it's found in [7] that the per-node throughput can arbitrarily close to constant by hierarchical cooperation, and in [8] that the constant per-node throughput is achievable by exploiting the node mobility. In addition, in [2] , [3] the throughput-delay tradeoff of wireless ad hoc networks is studied as the gain on network throughput is obtained at the expense of packet delivery delay.
The design of point-to-point communication via relay networks differs from that of wireless ad hoc networks in that there is only one data stream in the system and the system objective is to maximize single-link throughput, rather than the throughput of the weakest source-destination pair (in wireless ad hoc networks). Hence, it's expected that the relay-assisted point-to-point communications could achieve higher per-node throughput than ad hoc networks. In [9] , [10] , it's shown that the source-destination throughput can scale as log K when all the relays amplify and forward the received packet to the destination cooperatively with 8 (K) total transmission power. This relay strategy was extended to the case of multiple antennas in [11] , where the throughput can scale as A;{ log K with M antennas at both the source and the destination. The throughput scaling with 8 (log K) as derived in prior works can be interpreted as follows: since all the relay nodes should amplify and forward the received packets, the total transmit power of the relay network is 8(K), then by Shannon's capacity theory the throughput is 8 (log K) .
B. Contributions
In this paper,we propose an opportunistic decode-wait-andforward (ODWF) relay scheme which utilizes relay buffers to exploit the mobility of relays in a point-to-point communication link assisted by K mobile relays with N parallel fading channels (e.g. OFDM systems). The key feature of the proposed scheme is that the phase I (source to relay) and phase II (relay to destination) transmissions are scheduled based on the instantaneous channel states rather than having phase I and phase II as inseparable atomic actions (phase II always follows immediately from phase I) as in the existing regular designs. To obtain design insights, we derive the throughputdelay tradeoff of the proposed scheme. As comparisons, we also derive the throughput of the existmg relay schemes (i.e, regular decode-and-forward schemes) as a performance baseline. Finally, comparing with the previous related work, our work shows that the asymptotical throughput 8 (log K) can be achieved at a cost of 0(1) total transmission power and O(K/q) average end-to-end packet delay by the ODWF scheme, where 0 < q :::;~measures the speed of relays ' mobility.
The remaining of this paper is organized as follows. In Section II, the system models is introduced. In Section III, the ODWF scheme as well as the throughput-delay tradeoff analysis is presented, followed by the conclusions in Section IV. [
where E [·] is the expe ctation over the random Rayleigh fading gain H~,j, ds,j is the distance between the source and the jth relay, 0: is the path loss exponent. Furthermore, the ergodic capacity between the jth relay and the destination is given by
• When one relay moves into a region, its actual location in this region is uniformly distributed.
Remarks:
The region transition probability q measures how likely one relay will move into another region in the next frame, and therefore, it is related to the average speed of the relays.
Phy sical Layer Model: In order to capture the dynamics of macroscopic fading (relays' mobility), we assume the frame duration is large enough so that the transmitter can deliv er packets with the ergodic capacity (averaged over multipath fading) on every subcarrier in every frame. Since for one transmitter-receiver pair the ergodic capacity of different subcarriers is identical, it's of less interests to consider different scheduling on different subcarriers. Hence, we assume each transmitter (source or relay) will use the whole spectrum when it's transmitting packets, and each packet is jointly encoded across all subcarriers. Let p be the transmit power on each subcarrier, the ergodic capacity between the source and the j th relay is given by II. SYSTEM MODEL A cluster of K fixed relay nodes lies between the source and th e destination. The OFDM technology is used for converting the frequency selective channel into N parallel flat fading channels (subcarriers). There is no direct link between the source and destination due to the long distance and hence the source could only rely on the relay network for forwarding its packets to the destination (as in [10] ). The relay strategy we consider is decode-and-forward (DaF) [12] , and all the relays are half-duplexing. Moreover, at most one relay is selected at any time on each subcarrier. To facilitate the relay scheduling, transmission is partitioned into fram es. Each frame is further divided into three types of slots defined as follows:
• Channel Estimation Slot is used by relays for estimating the channel gains with the source and destination.
• Control Slot is used by relays for distributive control signaling of the ODWF scheme. The details is given in the scheme description.
• Transmission Slot is used for data transmission. Relay Mobility Model: Following [1] , [10] , we assume that the K relays are distributed on a disk with radius R as illustrated in Fig. I . The source and the destination are fixed at two ends of a diameter, and the disk is divided horizontally into M equal-area regions along the source-destination diameter. These regions are denoted as region I, region 2, ..., and region M, from the source to the destination. As illustrated in Fig.2 , the movement of each relay is modeled as a random walk (Markov chain) on these regions:
• At the beginning, each relay is uniformly distributed on the disk. Movements of relays can only occur in discrete frame with time index t. 
where Q i,j denotes the transition probability that one relay jumps into the jth region in the next frame , prov iding that it is in the ith region currently. In order to demonstrate the performance gain of the ODWP scheme, the existing relay scheme is also presented in the following as a baseline of comparison. -If there is no packet in the relay network, the relays will ask the BS for one new packet in sub-slot 1 (The frame is used for phase I). -If there is one packet in the relay network, a cooperative mechanism is performed in sub-slot 2 to determine which relay will forward this packet in the transmission slot (The frame is used for Phase II).
3. If one relay is selected in the control slot, this relay will forward the packet to the destination in the transmission slot. Otherwise, if the source is selected in the control slot, it will transmit one new packet to the relay network in the transmission slot.
.
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Performance Measures: We consider both the average system throughput and the average end-to-end packet delay as our system performance measures. They are defined rigorously below. Let T 1 be the number of information bits successfully received by the destination in a particular frame after the system's running for sufficiently long time. Moreover, let T 2 , T 3 , ... , Ts be the number of information bits successfully received by the destination in the following S -1 frames. Hence, the average system throughput T is defined as 2:
K-++oo 0, the average system throughput is where~denotes the equality with high probability (whp given by
B. Throughput-Delay Tradeoff of ODWF Scheme
Since the transmit power is constant, when the source increases the data rate, its radio coverage become small and the number of relays who can decode this packet also becomes small. Hence, the probability these relays can forward the decoded packet to the destination is small, leading to a large end-to-end packet delay. Therefore, there is a tradeoff between the system throughput and the end-to-end packet delay, which is presented rigorously in the following theorem.
Theorem 1 (Throughput-Delay Tradeoffwith Mobile Relays):
Denote the data rate as r == N log2 13. Suppose the Scheme 1 is implemented, for infinite buffers at relays, sufficiently large K, and positive q:
I. The achievable average system throughput of the relay system is upper-bounded by T m a x~~a log2K.
III. OPPORTUNISTIC DECODE-WAIT-AND-FORWARD SCHEME FOR MOBILE RELAYS WITH MACROSCOPIC FADING CHANNELS
A. Relaying Schemes
The proposed ODWP scheme is described below:
Scheme 1 (ODWF Scheme):
1. Each relay measures the pathloss to the source and the destination at the channel estimation slot. 2. The control slot is divided into two halves, called control sub-slots 1 and 2. The following is the system procedure operating in the control slot:
-If there exist relays with packets in their buffers and connected link to the destination, a random backoff mechanism is operated in sub-slot 1 to determine which relay could access the destination in the transmission slot. -Otherwise, if there exist relays with connected links to the source, these relays will notify the source in sub-slot 2 to transmit a new packet in the transmission slot.
4. If one relay is picked up for the transmission slot, this relay will transmit the first packet in its buffer. In the meantime, all other relays should listen and delete from their buffers the same packet. On the other hand, if the source is picked up for the transmission slot, it will broadcast one new packet. Otherwise, no transmission happens in the transmission slots.
Due to the randomness of the system model, there is no deterministic relationship on the average system throughput and the average end-to-end packet delay. Therefore, we shall use the notation~to denote the equality with probability 1 --k (or with high probability, whp ) as in [2] .
Remarks: (I) Since there are infinitely large buffers at relays and the region transition probability q is positive, the average system throughput is r / 2 as long as there is always relays having connected links to the source and destination (which 2 is presented mathematically as lim f3;: == 0).
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(II) There are two factors affecting the average end-to-end delay expression (7), namely {3~and 1. The first factor is q related to the packet data rate r. When r is large (so as the {3), the source's coverage becomes small and hence, the number of relays who can decode the packet from the source is small. Therefore, this packet should wait for many frames until these relays carry it into the coverage of the destination. Due to the random walk of the relays' movement, the less the relays who can decode this packet, the longer time on average this packet should wait. On the other hand, the second factor is relate to the velocity of the relays' movement. If the velocity is small (so as the region transition probability q), statistically one relay should use long time before moving into the coverage of the destination, which also leads to large end-to-end packet delay.
C. Comparison with Regular Decode-and-Forward Scheme
Before the comparison is made, the performance of the baseline is summarized in the following lemma:
Lemma 1 (Performance of Regular Scheme): For non-zero region-transition-probability q and sufficiently large number of relays K, the following statements on the Baseline 1 are true: 1 I. If lim qK /vI-1 < +00, the maximum achievable K-t+oo average system throughput is given by T m a x~8 (qK M"-l ) , (8) and the corresponding average end-to-end packet delay is D~8 ( K q1-1) . 1 II. If lim qK M-1 == 00, the maximum achievable aver-
K-t+oo
age system throughput is given by
and the corresponding average end-to-end packet delay is D~8 (1) . Proof Please refer to the full version of this work.' • Therefore, we have the following corollary on the performance gain of the ODWF scheme: of the ODWF scheme and the baseline is at the same order, the ODWF could still obtain a gain of constant scaling. This is because the proposed ODWF scheme can exploit the "idle frame" intelligently before the relays with packets moving into the destination's coverage. The slower the relays' movement, the more such "idle frames" and hence, the larger the throughput gain of the ODWF scheme. Therefore, a orderwise gain can be obtained by ODWF scheme when the relays' movement is slow, (e.g. q == -k).
IV. CONCLUSIONS
In this paper, we propose an opportunistic decode-wait-andforward (ODWF) scheme for a point-to-point communication system with K mobile relays. The throughput-delay tradeoff of this ODWF scheme is studied and the performance gain over the existing relay schemes is also examined. The ODWF scheme could exploit the dynamic locations of relays so that the average system throughput can scale as e(ln K), which can not be achieved by the existing schemes when the relay's mobility is slow. Moreover, compared with the well-known throughput scaling law of the amplify-and-forward relay networks, where the e (log K) throughput is achieved with e (K) total transmission power, we show that by exploiting the relays' mobility the same order of throughput can be achieved even with constant transmission power. and sufficiently large K, the probability that there are e (~) relays having connected links with the source (or the destination) tends to 1.
Proof Without loss of generality, we only study the number of connected links with the source. The connection with the destination can follow the same approach. It's equivalent to examine the another relay distribution where the relays' location on the disk is uniform and i.i.d. between frames.
Since we are interested in the analysis with the sufficiently large K and the monotonically increasing data rate r ( lim r == +00), the coverage radii of the source and
the destination in our analysis are sufficiently small given the fixed transmit power p. Therefore, for relays with connected links to the source/destination, the link capacity defined in (1) and (2) , and the probability one relay falls into the source's coverage is 2~2.
This completes the proof of Theorem 1. K~+~K~+~K~+T he average end-to-end packet delay for the these two cases is given by the following two lemmas. Then, this packet can be forwarded to the destination with probability 1, because K 1 -2 -2 ----* +00 when K ----* +00. (11) 
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From the above equation, the probability that X == 8(~~K) tends to 1 when K ----* +00.
•
Notice that there are (with probability 1) some relays in region 1 can decode the source's packets, the relay buffer is infinite, relays are moving among the divided regions, and there are (with probability 1) some relays in region M can forward packets to the destination, the average system throughput is Pr(X == x)
